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Introduction {#sec001}
============

Zika virus (ZIKV) is an enveloped, positive sense RNA virus belonging to the Flaviviridae family and is primarily transmitted to humans via the bite of an *Aedes aegypti* mosquito \[[@pntd.0006417.ref001], [@pntd.0006417.ref002]\]. ZIKV infections cause self-limiting fever, headache, myalgia, and conjunctivitis \[[@pntd.0006417.ref001]\]. A recent large ZIKV outbreak in Brazil in 2015--2016 was linked to an increased incidence of microcephaly and congenital malformations in children born in the epidemic area as a result of ZIKV crossing the placenta of infected mothers \[[@pntd.0006417.ref003]--[@pntd.0006417.ref006]\]. ZIKV infection was linked to Guillain-Barré syndrome in adults \[[@pntd.0006417.ref007], [@pntd.0006417.ref008]\]. After an acute infection phase, ZIKV can establish a persistent infection in the male reproductive tract that can then be sexually transmitted \[[@pntd.0006417.ref009], [@pntd.0006417.ref010]\]. These varied transmission routes and different clinical presentations make ZIKV a serious public health threat.

Due to the complexity of the ZIKV transmission cycle, which involves a vertebrate host and a mosquito vector, an animal model paralleling the infection process in humans would be useful to better understand the disease process resulting from ZIKV infections as well as in the evaluation of antiviral compounds and vaccine candidates. Because mice are naturally immune to a ZIKV infection, mouse strains defective in antiviral immune pathways such as AG129, *Ifnar*^*-/-*^, *Stat1*^-/-^, *Stat2*^-/-^ and *Irf3*^*-/-*^*Irf5*^*-/-*^*Irf7*^*-/-*^ triple knock out mice have been used in ZIKV pathogenesis research \[[@pntd.0006417.ref011]--[@pntd.0006417.ref015]\]. For instance, ZIKV-infected *Ifnar*^*-/-*^ mice developed weight loss, paralysis, and a systemic virus infection associated with an age-dependent mortality rate (20--100%), that is, young mice (3--4 weeks old) were more sensitive to ZIKV infection than aged mice (11--12 weeks) \[[@pntd.0006417.ref011], [@pntd.0006417.ref012]\]. ZIKV caused a systemic infection detectable in several organs of these immunocompromised animals including the spleen, kidney, testes, and brain \[[@pntd.0006417.ref011], [@pntd.0006417.ref012]\]. Immune-deficient mice also have been used to investigate the competence of *Aedes* mosquitoes to various ZIKV strains \[[@pntd.0006417.ref002], [@pntd.0006417.ref016]\]. Interestingly, blood meals from ZIKV viremic mice are more infectious to mosquitoes than artificial blood meals of comparable doses \[[@pntd.0006417.ref002]\]. The relative contributions of various factors from host and vector to ZIKV transmission remain to be explored.

The contribution of the mosquito bite on the host\'s inflammatory response and how this impacts virus dissemination *in vivo* has been shown to play a role in infection models of Semliki Forest virus and Bunyamwera virus \[[@pntd.0006417.ref015]\]. The role that the mosquito plays in ZIKV pathogenesis is undefined due to few infection models that involve the transmission of the virus via a mosquito \[[@pntd.0006417.ref017]\]. STAT1 and STAT2 are key transcription factors activated by type I IFN signaling that are induced following infections with various pathogens including viruses \[[@pntd.0006417.ref018]\]. ZIKV antagonizes type I IFN response through the suppression of STAT1 phosphorylation and STAT2 degradation \[[@pntd.0006417.ref019]--[@pntd.0006417.ref021]\]. *Stat1*^*-/-*^ mice was recently utilized in anti-ZIKV drug development \[[@pntd.0006417.ref015]\]. In the presented study, we found that ZIKV caused systemic infections in *Stat1*^*-/-*^ mice that presented with high viremia and brain infections. In addition, we demonstrate that ZIKV can directly be transmitted between *A*. *aegypti* mosquitoes and *Stat1*^*-/-*^ mice. The mosquito-dependent ZIKV transmission mouse model will be useful in studies of disease progression in the testing of novel antiviral therapies and anti-transmission strategy.

Results {#sec002}
=======

ZIKV replicates in *Stat1*^-/-^ mice {#sec003}
------------------------------------

STAT1 is a key transcription factor activated following signals delivered by type I and II interferons that result in the activation of antiviral-related genes \[[@pntd.0006417.ref018]\]. To test the sensitivity of *Stat1*^-/-^ mice to ZIKV infection, adult *Stat1*^-/-^ mice were intraperitoneally challenged with 4x10^3^ to 4x10^6^ ZIKV plaque forming units (pfu)/mouse that resulted in significant weight loss and 100% mortality by two weeks at the doses tested ([Fig 1A](#pntd.0006417.g001){ref-type="fig"}). In contrast, ZIKV-infected *Ifnar*^-/-^ mice showed much less weight loss and only had a 20% mortality rate (p = 0.0199) when challenged with 4x10^4^ pfu/mouse compared to the *Stat1*^-/-^ mice with the same ZIKV infection dose. It has been shown that young *Ifnar*^-/-^ mice were more sensitive to ZIKV infection compared to old mice \[[@pntd.0006417.ref012]\]. The age of *Ifnar*^-/-^ mice used in [Fig 1A](#pntd.0006417.g001){ref-type="fig"} was 9 weeks old and *Stat1*^-/-^ mice were 12--16 weeks old. Age or gender differences did not affect the mortality rates observed in *Stat1*^-/-^ mice. In the ZIKV-infected *Stat1*^-/-^ mice (4×10^4^ pfu/mouse), viremia peaked at 2 days post-infection ([Fig 1B](#pntd.0006417.g001){ref-type="fig"}, p = 0.0095), and declined in blood over time. ZIKV-infected mice also presented with splenomegaly and were moribund. Some of the infected mice had pale livers ([Fig 1C](#pntd.0006417.g001){ref-type="fig"}). Taken together, *Stat1*^-/-^ mice were more sensitive to ZIKV infection than *Ifnar*^-/-^.

![Infection of *Stat1*^-/-^ mice with ZIKV.\
**(A)** 12--16 week-old *Stat1*^-/-^ mice (n = 4--7) were infected intraperitoneally (i.p.) with various doses of ZIKV (4×10^3^, 4×10^4^, or 4×10^6^ pfu/mouse). Weights and survival rates were monitored daily. Nine week-old *Ifnar*^-/-^ mice were infected i.p. with 4×10^4^ pfu/mouse in parallel. **(B)** Serum samples were collected from ZIKV infected *Stat1*^-/-^ mice (4×10^4^ pfu/mouse) and virus titers were measured by plaque assay. **(C)** Photograph of liver and spleen collected from ZIKV infected (1×10^3^ pfu/mouse) (D7^\#^) and uninfected *Stat1*^-/-^ mice (Mock) on D7 post-infection. **(D)** ZIKV and cyclophilin A (CPH, a house keeping gene) RNA expression in various tissues was measured by quantitative RT-PCR (n = 3--4) to obtain quantification cycle (Cq) values. Relative ZIKV gene expression level was calculated as ZIKV(~Cq~)/CPH(~Cq~). D3 and D5 samples were collected from mice infected with 4×10^4^ pfu/mouse and D7^\#^ samples were from mice infected with 1×10^3^ pfu/mouse. **(E)** ZIKV viral protein expression in spleens harvested at D3 and D5 post-infection (4×10^4^ pfu/mouse) and D7 post-infection (1×10^3^ pfu/mouse) were examined by immunoblotting with specific antibodies for NS1 and capsid. **(F)** NS1 protein expression in spleens and brains 7 days post-infection (1×10^3^ pfu/mouse) was also evaluated. **(G)** Determination of serum NS1 concentrations by ELISA. Culture medium collected from Vero cells infected with DENV or ZIKV were used as a positive control for NS1. \*, p ≤ 0.05; \*\*, p ≤ 0.01.](pntd.0006417.g001){#pntd.0006417.g001}

ZIKV replication occurs initially in the spleen and later in the brain {#sec004}
----------------------------------------------------------------------

To examine the kinetics of ZIKV replication in *Stat1*^-/-^ mice, viral RNA was isolated from various organs including liver, spleen, and brain and analyzed by quantitative real-time PCR (RT-PCR). ZIKV RNA was detected in peripheral organs, spleen and liver, at early time points following infection and by day 5 began to decline ([Fig 1D](#pntd.0006417.g001){ref-type="fig"}). Because mice infected with 4x10^4^ pfu were dead or moribund by day 7 post-infection, the low infection dose (1x10^3^ pfu/mouse) was used during the examination of tissues harvested at this time point ([Fig 1D](#pntd.0006417.g001){ref-type="fig"}). High levels of ZIKV RNA were detected in spleens 3 days post-infection suggesting that this organ could be the main replication site initially prior to systemic dissemination. In contrast, viral RNA in brain tissues was not detected until 5 and 7 days post-infection suggesting that the ZIKV replication site shifted from peripheral tissues into the brain in *Stat1*^-/-^ mice. Consistent with the RNA data, ZIKV NS1 and capsid protein expression were detectable by immunoblotting in spleens harvested from mice 3 days post-infection that decreased by day 5 ([Fig 1E](#pntd.0006417.g001){ref-type="fig"}). ZIKV NS1 protein expression in brain tissue was detected on day 7 post-infection ([Fig 1F](#pntd.0006417.g001){ref-type="fig"}). We failed to detect viral protein expression in Day3 and Day5 brain tissue ([S1 Fig](#pntd.0006417.s002){ref-type="supplementary-material"}). Viral protein expression in the liver was not detected by immunoblotting ([S1 Fig](#pntd.0006417.s002){ref-type="supplementary-material"}). Similar to other flaviviruses, ZIKV NS1 protein is a secretory protein that could be used as diagnostic tool for ZIKV infection \[[@pntd.0006417.ref022]\]. Serum NS1 expression in ZIKV-infected *Stat1*^-/-^ mice gradually increased, suggesting that systemic infection in various tissues, including the brain, continued ([Fig 1G](#pntd.0006417.g001){ref-type="fig"}). Taken together, these data suggest that as the ZIKV infection progressed different organs were affected.

ZKIV replication induces cell death in tissues of infected *Stat1*^-/-^ mice {#sec005}
----------------------------------------------------------------------------

To examine the ZIKV tissue distribution, liver, spleen, and brain sections were examined by immunohistochemistry using an anti-NS1 antibody ([Fig 2A](#pntd.0006417.g002){ref-type="fig"}). Consistent with the mRNA expression profile ([Fig 1D](#pntd.0006417.g001){ref-type="fig"}), NS1-expressing cells were rarely found in liver compared to the high expression levels observed in the spleen, mainly in the red pulp 3 days post-infection ([Fig 2A](#pntd.0006417.g002){ref-type="fig"}). NS1-expressing cells were found sporadically in brain tissues examined 7 days post-infection. To examine whether ZIKV infection induced cell death, apoptosis was examined in respective tissues using the TUNEL assay. This analysis demonstrated low levels of apoptosis in the liver compared to the substantially elevated levels observed in the spleen at both 3 and 7 days post-infection ([Fig 2B](#pntd.0006417.g002){ref-type="fig"}). The frequency of TUNEL-positive cells in the brain was mainly observed on day 7 post-infection ([Fig 2B](#pntd.0006417.g002){ref-type="fig"}). The apoptotic cells in brain might accumulate over time and contribute to the mouse death. Taken together, ZIKV replication and cell death were observed in the spleen during the early stages of infection and in the brain at later time points.

![ZIKV replication and assessment of apoptosis in various organs in infected *Stat1*^-/-^ mice.\
**(A)** Liver, spleen, and brain tissues harvested from ZIKV-infected and uninfected *Stat1*^-/-^ mice were subjected to immunohistochemistry with an anti-NS1 antibody. **(B)** Cell death in infected tissues was determined using the TUNEL method. Tissues were collected 3 and 7 days post-infection with 4×10^4^ pfu/mouse. TUNEL^+^ signals were examined by fluorescence microscopy and images from 5--10 randomly selected 200X magnification fields were analyzed by ImageJ software (NIH).](pntd.0006417.g002){#pntd.0006417.g002}

Proinflammatory cytokines did not play a role in ZIKV-dependent mortality {#sec006}
-------------------------------------------------------------------------

TNFα and IL-6 are important proinflammatory cytokines that are upregulated during acute inflammation. Dengue virus (DENV) infection induces TNFα and IL-6 production in dengue patients, and serum TNFα is positively correlated with disease progression \[[@pntd.0006417.ref023]\]. We suspected that proinflammatory cytokines might be also involved in ZIKV-associated pathology and mouse death. To investigate the role of proinflammatory cytokines in ZIKV infection, double knockout mice (*Stat1*^*-/-*^× *Il6*^*-/-*^ and *Stat1*^*-/-*^× *Tnfa*^*-/-*^) were infected with ZIKV by direct injection. The double knockout mice were equally susceptible as *Stat1*^-/-^mice to a ZIKV infection suggesting that the upregulation of these proinflammatory cytokines might not be critical in ZIKV-induced pathology and mortality ([Fig 3A](#pntd.0006417.g003){ref-type="fig"}). In contrast, the absence of TNFα expression delayed DENV-associated death in a mouse model ([Fig 3B](#pntd.0006417.g003){ref-type="fig"}), suggesting that ZIKV-associated pathology develops via a different mechanism.

![Proinflammatory cytokines were not involved in ZIKV-dependent mortality.\
**(A)** *Stat1*^*-/-*^, *Stat1*^*-/-*^× *Il6*^*-/-*^ and *Stat1*^*-/-*^× *Tnfa*^*-/-*^ (n = 3) were challenged with ZIKV (1×10^3^ pfu/mouse, ip) and monitored daily. **(B)** *Stat1*^-/-^, *Stat1*^-/-^× *Il6*^-/-^, and *Stat1*^-/-^× *Tnfa*^-/-^ mice were challenged with Dengue virus by intravenous injection (D2Y98P strain, 1×10^3^ pfu/mouse) and mouse survival rates were determined daily.](pntd.0006417.g003){#pntd.0006417.g003}

*Stat1*^-/-^ mice were less competent to activate splenic cDCs and macrophages than *Ifnar*^-/-^ mice after ZIKV infection {#sec007}
--------------------------------------------------------------------------------------------------------------------------

In contrast to *Stat1*^-/-^ mice, wild-type (WT) mice were resistant to a ZIKV infection. Although *Ifnar*^-/-^ adult mice were sensitive to a ZIKV infection, the infected mice recovered from the infection ([Fig 1A](#pntd.0006417.g001){ref-type="fig"}). Due to the significant levels of ZIKV replication observed in the spleen (resulting in splenomegaly) in *Stat1*^-/-^ mice. We next addressed whether anti-ZIKV-induced immune responses determined the outcome of ZIKV infection in mice. Splenocytes were isolated from WT, *Stat1*^-/-^ and *Ifnar*^-/-^ mice without or with ZIKV infection (60 h post-infection, 4x10^4^ pfu/mouse) and analyzed by flow cytometry with various cell lineage markers ([Fig 4](#pntd.0006417.g004){ref-type="fig"}). Dendritic cells (DCs) are known to be important for the activation of adaptive immune response. Activated DCs upregulate the expression of MHCII molecule, which presents antigen peptide to prime antigen-specific T cells. In addition, activated plasmacytoid DCs produce large amounts of type I IFN immediately after virus infection, which is critical to control viral infection \[[@pntd.0006417.ref024], [@pntd.0006417.ref025]\]. The amounts of SSC^+^ (side scattered light) immune cells in *Stat1*^-/-^ and *Ifnar*^-/-^ mice, that contain all myeloid lineages, were comparable to those in WT mice in the steady state ([S2A Fig](#pntd.0006417.s003){ref-type="supplementary-material"}). Upon ZIKV infection, SSC^+^ myeloid cells were increased in both *Stat1*^*-/-*^ and *Ifnar*^*-/-*^ mice compared to those in uninfected *Stat1*^*-/-*^ mice ([Fig 4A and 4B](#pntd.0006417.g004){ref-type="fig"}, p\<0.0001). Within those myeloid cells, the percentages of CD11c^+^ DC populations were similar between uninfected WT, *Stat1*^*-/-*^ and *Ifnar*^*-/-*^ mice ([S2B Fig](#pntd.0006417.s003){ref-type="supplementary-material"}). However, the percentage of CD11c^+^ DCs was drastically increased in *Ifnar*^*-/-*^ mice at 60 h post-ZIKV infection compared to those in infected *Stat1*^*-/-*^ mice ([Fig 4C and 4D](#pntd.0006417.g004){ref-type="fig"}, p\<0.0001). We observed that Ly6C^+^CD11b^+^ conventional DCs (cDCs) as well as PDCA1^+^CD11b^+^ pDCs were significantly induced in *Stat1*^*-/-*^ and *Ifnar*^*-/-*^ mice in frequencies after infection compared to uninfected *Stat1*^*-/-*^ mice ([Fig 4E--4H](#pntd.0006417.g004){ref-type="fig"}), while the DCs were similar between all uninfected mice ([S2C and S2D Fig](#pntd.0006417.s003){ref-type="supplementary-material"}). Interestingly, the induction of cDCs in infected *Ifnar*^*-/-*^ was more prominent than in *Stat1*^*-/-*^ mice, while the induction of PDCA1^+^CD11b^+^ DCs was more dominant in infected *Stat1*^*-/-*^ mice.

![ZIKV infection caused the expansion of PDCA^+^ dendritic cells but not the activation of F4/80^+^Ly6G^-^ macrophages in *Stat1*^-/-^ mice.\
Splenocytes isolated from wild type (n = 1), *Stat1*^-/-^ mice (n = 3) and *Ifnar*^-/-^ mice (n = 3) without or with ZIKV infection (60 h post-infection, 4x10^4^ pfu/mouse) were subject to FACS analysis using side scattered light (SSC) for granulocyte **(A)** and specific markers for dendritic cells **(C,E,G)** and macrophage cells **(I,K)**. 7-Aminoactinomycin D (7-AAD) and CD45 were used to exclude dead and non-hematopoietic cells, respectively. For quantitation analysis, the percentage of specific subpopulations to the gated population was calculated for each splenocyte preparation. Quantifications of the subpopulations of immune cells were shown in **(B,D,F,H,J,L)**. \*, p ≤ 0.05; \*\*, p ≤ 0.01 ***Stat1***^**-/-**^ **mice were less competent to activate splenic cDCs and macrophages than *Ifnar***^**-/-**^ **mice after ZIKV infection**.](pntd.0006417.g004){#pntd.0006417.g004}

ZIKV has broad tissue tropism and macrophages could be one of the main targets during ZIKV infection \[[@pntd.0006417.ref011], [@pntd.0006417.ref026], [@pntd.0006417.ref027]\]. We addressed F4/80^+^Ly6G^-^ and MHCII^+^ macrophages among CD11c^-^ myeloid cells and found no significant difference of macrophages in frequencies in uninfected WT, *Stat1*^*-/-*^ and *Ifnar*^*-/-*^ mice ([S2E and S2F Fig](#pntd.0006417.s003){ref-type="supplementary-material"}). After infection, the proportion of F4/80^+^Ly6G^-^ macrophages was unchanged in WT and *Ifnar*^*-/-*^ mice but slightly reduced in *Stat1*^*-/-*^ mice ([Fig 4I and 4J](#pntd.0006417.g004){ref-type="fig"}). Further, the amount of MHCII^+^ activated macrophages in infected *Ifnar*^*-/-*^ mice was more than those in infected *Stat1*^*-/-*^ mice ([Fig 4K and 4L](#pntd.0006417.g004){ref-type="fig"}, p = 0.0046). In contrast, infected *Stat1*^*-/-*^ mice were unable to upregulate MHCII expression in macrophages. The results implied that infected *Stat1*^*-/-*^ mice mounted an immune response, which was less competent to induce macrophage activation. Taken together, our model system showed that cDCs and splenic macrophage were not only the important target cells by ZIKV infection, but also involved in the induction of a protective immune response against ZIKV-mediated lethality.

Establishing a mosquito-dependent ZIKV transmission cycle in *Stat1*^-/-^ mice {#sec008}
------------------------------------------------------------------------------

Based on our observations that *Stat1*^-/-^ mice infected with ZIKV were highly viremic and pathogenic, we speculated that a complete transmission cycle might be established with *Stat1*^-/-^ mice ([Fig 5A](#pntd.0006417.g005){ref-type="fig"}). Following mosquitoes take a bloodmeal from a viremic vertebrate host, arboviruses enter and replicate in mosquito midgut lumen initially. The viruses then penetrate midgut barrier and replicate in secondary organs including salivary gland. The virus can be further transmitted through mosquito saliva to another vertebrate host \[[@pntd.0006417.ref028]\]. To establish a mosquito-dependent transmission model, ZIKV infection were first introduced to *A*. *aegypti* mosquitoes. To have ZIKV-carrying mosquitoes, ZIKV was directly injected into the mosquito thorax (400 pfu/mosquito, [Fig 5B and 5C](#pntd.0006417.g005){ref-type="fig"}), in which ZIKV bypass the midgut barrier \[[@pntd.0006417.ref029], [@pntd.0006417.ref030]\]. ZIKV replication assessed in the mosquito by plaque assay using total mosquito homogenates demonstrating that by day 7 post-infection 10^4^ to 10^5^ pfu/mosquito could be observed ([Fig 5B](#pntd.0006417.g005){ref-type="fig"}). Viral titers in mosquito salivary gland from day 4 or 7 post-infection were also determined. As shown in [Fig 5C](#pntd.0006417.g005){ref-type="fig"}, ZIKV was detected in the salivary gland and the infection rates on day 4 and 7 post-thoracic injection were 62.5% and 100%, respectively. Similar infection rate was also observed in the midgut ([S3 Fig](#pntd.0006417.s004){ref-type="supplementary-material"}). The ZIKV-carrying mosquitoes were then allowed to take blood meals from *Stat1*^-/-^ mice to assess their ZIKV transmission ability. As shown in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}, *Stat1*^-/-^ mice bitten by 6--12 of Day 7 mosquitoes showed significant body weight loss and died within 10 days (Group d in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}). Bites from 1--3 of day 7 mosquitoes were also sufficient to cause mouse death (Group c in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}). When *Stat1*^-/-^ mice were exposed to the Day 4 mosquitoes, 6--12 mosquito bites also caused a mouse death in 10 days (Group b in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}). 1--3 mosquito bites caused less body weight loss and lower death rate in mice (Group a mice in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}). ZIKV was recovered from blood as early as day 2 post-mosquito exposure in those ZIKV-infected mice ([Fig 5D](#pntd.0006417.g005){ref-type="fig"}), suggesting that the mosquitoes-to-mice transmission was successfully established.

![Establishing a complete mosquito-mediated ZIKV transmission cycle.\
**(A)** Experimental design for establishing a complete ZIKV transmission cycle. **(B)** *A*. *aegypti* mosquitoes were injected in the thorax with ZIKV (400 pfu/mosquito) and viral titers were determined by plaque assay by homogenization whole mosquitoes 7 days later (n = 15). **(C)** To confirm the infectivity, viral titers were determined by focus-forming assay by homoginizing mosquito salivary gland 4 or 7 days later (n = 8 or 2). The ZIKV-infection rate (I.R.) was calculated. **(D)** *Stat1*^-/-^ mice (n = 3) were bitten by 1--3 or 6--12 ZIKV-carrying mosquitoes (day 4 or 7 post-thoracic injection). Weights and survival were monitored daily. Virus titers in serum collected from mosquito-bitten mice day 2 post-mosquito exposure were determined by focus-forming assay. **(E)** Mosquitoes were starved overnight and allowed to take blood meals from the ZIKV-infected mice (**Group b** and **d** mice in **D**; day 2 post-ZIKV infection). The **Group e** and **f** mosquitoes took blood from **Group b** and **d** mice, respectively. Virus titers in mosquito midguts collected right after the blood meal (Day 0), 4 and 7 days later were measured by focus forming assay (n = 5--20). Infection rate was calculated. **(F)** Legs and wings collected from the **Group e** and **f** mosquitoes were also subject to virus detection (n = 10--12). **(G)** *Stat1*^-/-^ mice (**Group g** or **h**; n = 4) were bitten by the ZIKV-infected mosquitoes from **Group e** or **f**, respectively (day 7 post-infection in **E,** 6--9 mosquitoes/mouse). Weights and survival rates were monitored daily.](pntd.0006417.g005){#pntd.0006417.g005}

We next determined whether ZIKV can be also transmitted from viremic *Stat1*^-/-^ mice mice to mosquitoes by allowing uninfected mosquitoes to take a blood meal from the mosquito-infected *Stat1*^-/-^ mice (Group b and d mice in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}). Engorged mosquitoes were collected and their virus titers determined 4 or 7 days later. A small portion of the engorged mosquitoes were collected immediately to evaluate the amount of virus taken from mouse blood. The mosquitoes (Group e mosquitoes in [Fig 5E](#pntd.0006417.g005){ref-type="fig"}) which took a blood meal from mice with low ZIKV titer in blood (Group b mice in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}) indeed had lower virus replication in their midguts and reduced infection rate compared to the mosquitoes (Group f mosquitoes in [Fig 5E](#pntd.0006417.g005){ref-type="fig"}) which took a blood meal from the mice with high virus titer in blood (Group d mice in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}). The virus dissemination of ZIKV in other body parts, such as legs and wings, on Day 7 post-infection was also evaluated. As shown in [Fig 5F](#pntd.0006417.g005){ref-type="fig"}, the dissemination rates in Group e and f were 30% and 100%, respectively. The similar dissemination rate of ZIKV in salivary gland was observed in these mosquito groups ([S4 Fig](#pntd.0006417.s005){ref-type="supplementary-material"}). The result suggested that ZIKV was transmitted from *Stat1*^-/-^ mice to mosquitoes and had a successful replication in the mosquitoes.

To confirm the mosquitoes that acquired their ZIKV from infected mice had virus transmission capacity to another animal, the Day 7 mosquitoes from Groups e and f mosquitoes in [Fig 5E](#pntd.0006417.g005){ref-type="fig"} were allowed to take blood from uninfected *Stat1*^-/-^ mice (6--9 mosquitoes/mouse) ([Fig 5G](#pntd.0006417.g005){ref-type="fig"}). All mice bitten by mosquitoes infected with high ZIKV titer blood (Group f mosquitoes in [Fig 5E](#pntd.0006417.g005){ref-type="fig"}) had a significant weight loss and 100% died within 2 weeks (Group h mice in [Fig 5G](#pntd.0006417.g005){ref-type="fig"}). In contrast, the mice bitten by the Day 7 mosquitoes from Group e ([Fig 5E](#pntd.0006417.g005){ref-type="fig"}) had less weight loss and 25% death rate. The ZIKV titer in mouse blood at Day 2 post-infection was consistent with survival result ([Fig 5G](#pntd.0006417.g005){ref-type="fig"}). Taken together, a complete ZIKV mosquitoes-to-mice-to-mosquitoes-to-mice transmission cycle was established using *Stat1*^-/-^ mice.

Threshold of ZIKV infection in mosquito {#sec009}
---------------------------------------

We next determined the threshold of ZIKV infection in the mosquito by allowing uninfected mosquitoes to take blood meals from *Stat1*^-/-^ mice exposed to various infection doses ([Fig 6A](#pntd.0006417.g006){ref-type="fig"}). ZIKV induced body weight loss and mouse death as low as 5 pfu of ZIKV challenge with slight changes in the kinetics of mouse viremia ([Fig 6B](#pntd.0006417.g006){ref-type="fig"}). Mice infected with 5--500 pfu of ZIKV infection intraperitoneally had viremia with titers ranging from 200 to 14000 ffu/ml on day 2 post-infection. The mosquitoes that took blood meals from these mice had infection rates ranging from 9% to 82% ([Fig 6C](#pntd.0006417.g006){ref-type="fig"}). Based on the data, the infectious dose at which 50% of mosquitoes become infected (MID50) by feeding on mice was estimated to be 810 ffu/ml ([Fig 6D](#pntd.0006417.g006){ref-type="fig"}). In summary, ZIKV was highly infectious in both *Stat1*^-/-^ mice and *A*. *aegypti*.

![Threshold of ZIKV infection in mosquitoes.\
**(A)** Experimental design. **(B)** Six *Stat1*^-/-^ mice were infected with 5, 50 or 500 pfu of ZIKV intraperitoneally. Mouse body weights and survival rates were monitored daily. Virus titers in serum from day 2, 3 and 4 post-infection were determined (n = 2). **(C)** Starved mosquitoes were allowed to take blood meals from the ZIKV-infected mice (\#1 to \#6) in **B** on day 2 post-infection. Mosquitoes obtained blood meal from the same mouse were housed and grouped together. Virus titer and infection rate in each mosquito group were measured on day 7 post-blood meal (n = 7--14). **(D)** Based on the mouse serum data and their corresponding infection rate in mosquitoes, the mosquito infectious dose of 50% (MID50) was estimated.](pntd.0006417.g006){#pntd.0006417.g006}

Discussion {#sec010}
==========

In the present study, *Stat1*^*-/-*^ mice were used to establish a ZIKV infection model. *Stat1*^*-/-*^ mice were more sensitive than *Ifnar*^*-/-*^ mice to ZIKV infection without any discernable gender or age differences. With the different outcome of ZIKV infection in *Ifnar*^*-/-*^ and *Stat1*^*-/-*^ mice, cDC and macrophage activation might be the key components of protective immune responses. Furthermore, a complete ZIKV transmission cycle between mosquito and animal was established in *Stat1*^*-/-*^ mice that will be useful in the evaluation of candidate compounds targeting both vector and host.

In *Stat1*^*-/-*^ mice, ZIKV replication took place in the spleen during the early stages of infection resulting in subsequent viremia that was detectable in the blood. Consistent with the virus replication kinetics in the spleen, viral blood titers peaked on day 2 and decreased by day 3 post-infection. Serum levels of the NS1 protein remained high at later time points in *Stat1*^*-/-*^ mice, suggesting that virus replication was still ongoing in other organs. Differential kinetics of virus titer and NS1 level in serum were also observed in a recent study \[[@pntd.0006417.ref031]\]. In contrast to the ZIKV NS1 expression pattern, DENV NS1 expression peaks on day 4 post-infection and disappears at later time points \[[@pntd.0006417.ref032]\]. Measuring the serum levels of NS1 might be a useful biomarker in determining whether a persistent ZIKV infection is present in an epidemic area.

Although the genome structures and transmission cycles of ZIKV and DENV are very similar, the clinical presentation following infections with these viruses is different. For example, blocking TNFα ameliorates the severity of hemorrhaging caused by DENV infections \[[@pntd.0006417.ref033]\]. In contrast, the absence of TNFα did not show any beneficial effects in ZIKV infected *Stat1*^*-/-*^ mice, suggesting that ZIKV causes pathology via different mechanisms. Whether inactivation of macrophages, insufficient activation of cDCs and excess production of PDCA1^+^CD11b^+^ DCs are directly involved in ZIKV pathogenesis warrants further investigation.

During natural infection, arboviruses enter mosquito through a bloodmeal from a viremic vertebrate host and replicates in the midgut lumen. Vector competence is determined by whether the arbovirus can penetrate the midgut and proliferate in secondary organs including salivary gland for further transmission. When entering mosquito via intrathoracic injection, viruses bypass the midgut barrier as well as the innate immunity in mosquito lumen, and therefore higher infection rate could be reached. By taking the advantage of high infection rate in mosquitoes by thoracic injection, we therefore were able to estimate other determinants, such as the numbers of mosquito bites and extrinsic incubation time, for a successful ZIKV transmission from mosquitoes to mice. To mimic nature infection in which arbovirus infection in mosquito is mediated by oral feeding from a vertebrate host, the ZIKV-infected mice were used as blood donor for mosquito infection in the second part of our transmission model. The infection rate in mosquitoes by oral feeding was dependent on the virus titer in mouse serum and was lower than the infection rate caused by intrathoracic injection. The difference between intrathoracic injection and oral feeding on virus transmission efficiency will provide a way to evaluate the influence of various factors on midgut tissue barrier and innate immune response in mosquito to a successful arbovirus transmission.

*Stat1*^*-/-*^ mice was recently applied in ZIKV research to evaluate the efficacy of ribavirin for ZIKV treatment \[[@pntd.0006417.ref034]\]. ZIKV was highly infectious to *Stat1*^*-/-*^ mice and the lethal dose of ZIKV to the mice was even lower than 5 pfu, making the mouse strain a useful transmission model. We therefore could study not only the mosquitoes-to-mice transmission, but also the mice-to-mosquitoes transmission. ZIKV-infection caused high titer viremia which lasts at least three days in *Stat1*^*-*/-^ mice, and the MID50 to *A*. *aegypti* with the viremic mouse blood was less than 1000 ffu/ml, making the transmission mouse model very useful for future applications. For example, the transmission model could be important for establishing the extrinsic incubation period (EIP) in mosquito. From our mouse model, the EIP was ≤ 7 days and could be shorter than the A129 mice \[[@pntd.0006417.ref002], [@pntd.0006417.ref016]\].

The development of a novel mouse model that parallels the transmission cycle in humans will form the cornerstone of future research that will allow for a better study of disease progression and pathogenesis in addition to providing a novel means of testing developmental drugs and interventions. Additional transmission models using other mouse strains deficient in type I and II IFN signaling might also be developed as a means of further assessing immune responses to ZIKV in the context of different genetic backgrounds. Furthermore, the complete transmission model will be valuable to investigate aspects of vector competence for ZIKV and host factors that influence the extrinsic incubation period.

Materials and methods {#sec011}
=====================

Ethics statement {#sec012}
----------------

All mouse-related experiments were conducted in compliance with the guidelines of the Laboratory Animal Center of NHRI. The animal protocol (NHRI-IACUC-105111) was approved by the Institutional Animal Care and Use Committee of NHRI, according to the Guide for the Care and Use of Laboratory Animals (NRC 2011). Management of animal experiment and animal care and use of NHRI have accredited by the AAALAC International.

Virus and cell culture {#sec013}
----------------------

Zika virus strain PRVABC59 was obtained from the Taiwan Center for Disease Control and amplified in Vero cells (obtained from Dr. Min-Shi Lee, NHRI, Taiwan). Virus titers were determined by plaque assay or focus forming assay using Vero cells as described previously \[[@pntd.0006417.ref035]\]. Dengue virus strain D2Y98P \[[@pntd.0006417.ref036]\] was obtained from Dr. Sylvie Alonso (National University of Singapore, Singapore), amplified in C6/36 cells (obtained from Dr. Wu-Chun Tu, National Chun Hsing University, Taiwan), and titrated by plaque assay using the BHK-21 cells (obtained from Dr. Andrew Yueh, NHRI). Detailed information can be found in the Supplementary Methods.

Antibodies, chemicals, and reagents {#sec014}
-----------------------------------

Antibodies to the ZIKV capsid (GeneTex, Hsinchu, Taiwan) and tubulin (Sigma, St. Louis, MO) were used for immunoblotting. ZIKV NS1 (172--351) antiserum was raised in mice and rabbits at NHRI as described in the Supplementary methods and used for immunoblotting and immunohistochemistry, and ELISA assays. Apoptosis in tissue sections was detected using the In Situ Cell Death detection kit (Roche, Indianapolis, IN).

Mosquitoes {#sec015}
----------

*Aedes aegypti* (Higgs) eggs were hatched in deionized water under deoxygenated conditions. The hatched larvae were fed powdered yeast and goose liver (NTN Fishing Bait). Newly emerged mosquitoes were fed with a 10% sucrose solution and maintained at 28°C and 80% humidity with a 12 h light and dark cycle. For direct ZIKV infection, 7--14 day-old female mosquitoes were inoculated with 400 pfu of ZKIV by thoracic injection and maintained in normal housing conditions for 7 days.

Mice {#sec016}
----

Mice were bred and maintained at the Laboratory Animal Center of NHRI. *Stat1*^-/-^ (C57BL/6 background) \[[@pntd.0006417.ref018]\] mice were provided by Dr. Chien-Kuo Lee (NTU, Taiwan). Wild-type C57BL/6, *Il6*^*-/-*^, and *Tnfa*^*-/-*^ mice were purchased from the Jackson Laboratory. *Stat1*^-/-^ mice were crossed with *Il6*^*-/-*^and *Tnfa*^*-/-*^ mice to establish double-knockout mice. *Ifnar*^*-/-*^ mice (C57BL/6 background) were provided by Dr. Michael Karin (UCSD, US). Unless otherwise specified, both male and female mice between the ages of 8--10 weeks were used in the study.

Mosquito-mediated ZIKV mouse infection {#sec017}
--------------------------------------

Mice were anesthetized with Rompun (16 mg/Kg, Bayer Animal Health, Monheim, Germany) and Ketalar (100 mg/Kg, Pfizer, New York, NY). After their ventral surfaces were shaved they were placed on top of a polyester mesh that covered a mosquito-housing cage that allowed female mosquitoes to take a blood meal. Female mosquitoes were starved for 12 h before they were allowed to take blood meals from mice. Each mouse was bitten by 6--12 mosquitoes. The ZIKV-infected mosquitoes were kept in a separated mosquito incubator and maintained at 28°C and 80% humidity with a 12 h light and dark cycle.

ZIKV NS1 ELISA {#sec018}
--------------

NS1 (172--351) rabbit antiserum was used as a capture antibody (10 μg IgG/well) and mouse antiserum was used as the detection antibody (2 μg IgG/well). Anti-mouse-HRP (1:5000, Santa Cruz, Santa Cruz, CA) and TMB (eBioscience) were used for color development. Purified NS1 (172--352) protein was used as a standard (1--1000 ng/ml) to calculate NS1 serum and culture media concentrations.

Quantitative real-time (RT)-PCR {#sec019}
-------------------------------

RNA was extracted from mouse tissues using Trizol (Invitrogen, Carlsbad, CA) and subsequently used as templates for cDNA synthesis using SuperScript First Strand Synthesis System (Invitrogen). cDNAs were then used as templates in the quantitative-polymerase chain reaction (PCR) with gene specific primers and SYBR green dye to determine quantification cycle (Cq) by Applied Biosystems 7900HT Fast Real-Time PCR System. Relative ZIKV expression level was calculated using the ΔΔCq method with cyclophilin A (CPH) cDNA as an internal control. Primer sequences used in the study were: CPH Forward: atggtcaaccccaccgtgt, Reverse: ttcttgctgtctttggaactttgtc; ZIKV(1086--1162) \[[@pntd.0006417.ref037]\] Forward: ccgctgcccaacacaag, Reverse: ccactaacgttcttttgcagacat.

Flow cytometry {#sec020}
--------------

Spleens were mashed and digested with Liberase Blenzyme 3 (0.05U/ml, Roche, Woerden, Netherlands) plus DNaseI (10 μg/ml, Sigma) at 37°C for 20 min. Single cell suspensions of 1x10^6^ cells were washed twice with FACS buffer (2% BSA/PBS, 0.1% NaN~3~) and maintained in the dark at 4°C throughout experiments. Flow cytometric data were acquired using a CantoII flow cytometer and FACSDiva software (both from BD Biosciences, San Jose, CA). FlowJo software (Tree Star, Inc.) was used for data analyses. For marker expression determinations, cells were incubated for 15 min on ice with anti-mouse antibodies, including CD11b (M1/70), CD11c (HL3), CD45 (30-F11), F4/80 (BM8), Ly6G (IA8), Ly6C (AL-21) from BD Biosciences and PDCA1 (eBio129c) from eBioscience. Immunostained cells were washed twice in FACS buffer prior to incubation with 7AAD (Sigma). Viable cells were gated from the 7AAD-negative population prior to analysis. For quantitation analysis, the percentage of specific subpopulations to the gated population was calculated in each splenocyte preparation.

Statistical analysis {#sec021}
--------------------

Unless otherwise stated, data are presented as the mean ± SEM. The difference among treatment or day groups were analyzed using one-way ANOVA with Bonferroni's post hoc test, or Student\'s T test. The results of survival curve were analyzed by log-rank test. p-values ≤0.05 were considered statistically significant. The exact p, t, and df values can be found in [S1 Table](#pntd.0006417.s006){ref-type="supplementary-material"}.

Supporting information {#sec022}
======================

###### 

Cell culture.Plaque forming assay.Focus forming assay.ZIKV NS1 (172--351) rabbit antiserum preparation.Immunohistochemistry.TUNEL assay.

(DOCX)

###### 

Click here for additional data file.

###### ZIKV protein expression was absent in the early phase in brain and was not detected in liver throughout the infection time.

ZIKV NS1 protein expression in brains and livers harvested at D3 and D5 post-infection (4×10^4^ pfu/mouse) and D7 post-infection (1×10^3^ pfu/mouse) were examined by immunoblotting with specific antibodies for NS1.

(TIF)

###### 

Click here for additional data file.

###### Subpopulations of splenocytes were similar in WT, *Stat1*^-/-^ and *Ifnar*^-/-^ naïve mice.

Splenocytes isolated from naïve mice were subjected to FACS analysis using side scattered light (SSC) for granulocyte **(A)** and specific markers for dendritic cells **(B-D)** and macrophage cells **(E,F)**. 7-Aminoactinomycin D (7-AAD) and CD45 were used to exclude dead and non-hematopoietic cells, respectively.

(TIF)

###### 

Click here for additional data file.

###### Virus titer and infection rate in salivary gland post-thoracic ZIKV injection.

*A*. *aegypti* mosquitoes were injected in the thorax with ZIKV (400 pfu/mosquito) and viral titers were determined by focus-forming assay by homoginizing mosquito midgut 4 or 7 days later (n = 20).The ZIKV-infection rate (I.R.) was calculated.

(TIF)

###### 

Click here for additional data file.

###### Virus titer and infection rate in salivary gland post-blood meal.

The salivary glands of the Group e and f mosquitoes which took blood meals from the ZIKV-infected mice (Group b and d mice, respectively, in [Fig 5D](#pntd.0006417.g005){ref-type="fig"}; day 2 post-ZIKV infection) were isolated right after blood meal or on Day 4 or 7 post-blood meal and subject to virus titration by focus forming assay (n = 3--4). Infection rate was calculated.

(TIF)

###### 

Click here for additional data file.

###### The p,t and df values of the significant difference in Figures.

(DOCX)

###### 

Click here for additional data file.
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